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The findings in this report are not to be construed as an official
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This report contains the results of investigations of emulsified
JP-4 aviation fuel conducted by Monsanto Research Corporation,
Dayton, Ohio, under the terms of Contract DAAJ02-67-C-0107.

The purpose of the program was twofold: (1) to modify the
formulation of a tallow amine acetate JP-4 emulsion developed
under & prior-year contrast to improve its physical, chemical,

and rheological properties, and (2) to investigate demulsification
processes that might lend themselves to scale-up techniques suite
able for application in the Army field environment,

The program objectives were met, The recommended emulsion
formulation, together with demulsification systems tested, is
discussed in detail herein,
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~“Optimization of the Monsantc Emulsiflied Puel (MEF) was accom-
plished following evaluation of a 168 formulation matrix.
Thermal and storage stability was best when a 1% to 2% excess
of acid was used to neutralice the tallow amine. Emulsion
droplet size was shown to be more a function of preparation
than of thermal effect or aging. Attempts at improvement of
an MEF-1 formulation frc. the investigation by using coupilng
agents or corrosion inhibltors were unsuccessful. However,
change in emulsifier fror tallow amine to oleyl amine markedly
improved thermal stability and minimlized yleld stress value
variation at extremes of temperature. Substitutlion of glycolic
acid for acetic acid (the MEF-. formula) reduced mild steel
corrosion to near zero proportions and reduced cuprous metal
corrosion to one-third that of the MEF formula.

Evaluation of the MEF-2 formula showed that the initial vis-
coslty decreased on storage due to loss of emulsified air and
concurrently increased in density. Agita*ion by hand, gear,
or centrifugal pump caused an increase in yield stress. Five
days at 500 g's reduced the emulsifier level only 16%, and the
oleyl amine glycolate was soluble in JP-4 to the extent of
0.0015-0.0018% remaining essentlally in the external phase.

A partlal explanation for the lack of emulsion adhesion to
retal surfaces 1s 1ts low surface tension of about 24 dynes/cm,
ne.r that of JP-4 alone. Microbial resistance equalled that
of JP-Y, vapor loss was the same as that of the original MEF,
and heat transfer properties were poorer than those of JP-4.

Recovery of JP-4 by breaking the emulsion by mechanical shear
was possible by two general techniques: pressure drop through
a small orifice or ﬁassage through orifices of micron dimen-
sions. Maximun JP-4 recovery was 90% at laboratory rates of
10 gpm using a pressure drop orifice-vibrating reed system.
Another potentlal system .- ~mprised passage through membranes
with mlcron-sized perforations. Both systems requlire a
coalescer to assure maximunm removal of suspended external
phase. Further attempts to improve the effective chemical
demulsification system were unsuccessful. Fuel from shear
demulsification is only slightly higher than specification
maxima for existent and potentlial guii due to the soluble
retained amine.
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FOREWORD

This program was performed under the authcrizatlon of the

U. S. Army Avlation Materiel Lavoratories under Contract
DAAJ02-67-C-0107, and covers the period from 29 June 1967
through 29 June 1968. A subcontractor was the Research
Institute of the University of Dayton on emulsion bilocidal
characteriatiecre. Several companlies listed under Phase II

of this report tested their equipment capabillity to break the
fuel emulsion to recover JP-4,

The consultation and guidance given by Mr. W. J. Nolan and
Captaln G. W. Bowling of the Aviation Materiel Laboratories
have been most helpful and appreciated.

Moncanto Research Corporation personnel who contributed to
this 2ffort were E. L. Brown, J. R. Gibson, D. L. Harris,

L. E. Holboke, C. J. Huffman, M. F. Borchers, W. G. Scribner,
and E. A, Stelnmetz under the directlon of Jay C. Harrils,

the project manager.
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INTRODUCTION

A JP-4 emulsion terme’ Alamac H26D (hydrogenated tallow amine
acetate emulsifier) was developed under a previous contract.
This formulation 1s herein termed MEF (for Monsanto Emulsified
Fuel), and improvements made are designated by dash numbers,
e.g., MEF-1, etc.

The previous contract resulted in the development of a JP-4
emulsion formulation which satisfactorily reduced the uncon-
trolled flame and fire properties of JP-4. However, under the
press of developing a satisfactory formulation and qualifying
it, time did not permit optimization of the product. This
emulsion, termed MEF, while satisfactory from the standpoint
of flame and fire suppression, required improvement in low-
temperature stablility, change to minimize the effect of tem-
perature upon yield stress (it became solid at -30°F), and
reduction 1n its corrosive character. These changes represent
an essential portion of Phase I of this program.

Phase II of this contract comprises the development of design
concepts for the demulsification and recovery of JP-U., The
earlier contract demonstrated that the MEF product could
quickly and effectively be broken chemically by reaction with
ammonium hydroxide. However, under these conditions the
tallow amine remained quantitatively in the recovered fuel,
and removal of the amine was accomplished by columnar adsorp-
tion on activated clay, logistically an undesirable procedure.
Exploratory attempts at recovery by mechanically shearing the
emulsion were unsatisfactory, even though this approach should
have provided an essentially amine-free fuel. Therefore, all
methods which uged shear in some form were to be investigated
to ﬁrovide a method capable of being scaled up to a rate of
JP-4 recovery of 500 gpm.




DEVELOPMENT OF PROBLEM

The prior contract resulted in the development of a thermally
stable fuel emulsion, MEF, which in general met the contract
formulation requirements. However, that contract did not per-
mit optimization of the formulation, and the current contract
contains this as one of its objectives. The 1deal formulation
must at least meet minimal thermal stablilty and yleld stress
requirements but should comprise a maximum content of JP-4,
with minimum amounts of external phase components. To assure
complete coverage under Phase I of all the component variables,
& J'svlay matrix was developed; from thils, essentlally all the
formuliatlons were prepared and evaluated, primarily for thermal
stability.

The matrix selected was based upon the followlng concepts.

The MEF formulation contains an external non-fuel phase con-
sisting of ethylene glycol and water in which 1s dissolved

the requisite proportion of tallow amine acetate. For ana-
lytical and preparative purposes, the systems consist of the
ratio of ethylene glycol (EG)/water, external phase (XP)/JP-4,
and emulsifier content. These were investigated for rheologi-
cal and thermal stability characteristics for the following
formulation ratios and variations:

EG/water - 50, 62.5, 75, 87.5 and 100 wt %
XP/JP-4 - 97.0, 97.5, 98.0, 98.5 wt %

Emulsifier - 0.15, 0.20, 0.25, 0.3, 0.5 wt %
of total fuel emulsion

Based upon the thermal stability data, 15 formulatlons, in-
cluding the original MEF, were prepared and aged 30 days at
-30°F, TT7°F, and 140°F., Stability was recorded, and yleld
stress values were taken before and after aging. Additilonally,
these formulations were examined microscopically to determine
emulsion globule size, to ascertaln whether thils factor had a
bearing on stability.

These data were analyzed, and the preferred interim emulsion,
MEF-1, was selected.

At this point, Improvement in corrosion control and yleld
stress values was initiated. Indications from previous emul-
sion preparation were that formulations containing the anti-
icing additive (AIA), methyl cellosolve, were more homogerieous
and stable than those with the additive absent. Since coupling
agents such as the AIA are frequently aids to rate of emulsi-
fication and improved stability, a series of these compounds
was tested.
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Another problem with MEF and MEF-1 was that of corrosion, even
! : when the amount of excess acetic acld used to form the tallow

[ ; amlne acetate was minimized. Other organic aclids were there-

; fore substituted, and the corrosivity of these ormulacions

: was determined.

. A requirement for productlion purposes 1s that more ‘han a

' single source of ~mulsifier be available; and when several
types of tallow amine were examined, one containingz a con-
siderable amount of oleyl amine (the more liquid, unsaturated
equivalent of tallow amine) was found to give mo.e stable
emulsions. Oleyl amine from several sources was evaluated
to provide multiple suppliers.

The MEF-1 formulation was then optimized by substituting
glycolic acld for acetic acid, thus reducing corrosion to a
minimum. Thermal stability testing of the oleyl amine gly-
colate as for MEF-1 resulted in a preferred composition, MEF-2.

Following development of the MEF-2 formulation, the following
properties were determined: yleld stress, specific gravity,
dropiet slze change with age, emulsifler solubility and migra-
tion, aglitation effect after aging, heat transfer coefficient,
surface free-energy, corrosion and elastomer compatibility,
vapor loss, and microbial resistance.

The obJe:tive of Phase II was to develop a method to break the
emulsion at a rate of up to 500 gpm to provide JP-4 equivalent
to mllitary-specification quality.




EXPERIMENTAL DATA AND DISCUSSION

PHASE I. MEF-1 DEVELOPMENT

1. Emulsion Matrix

In compliance with contract requirements, an all-inclusive
formulation matrix based upon the tallow amine acetate formu-
lation was prepared *o cover the following parameters:

Ethylene glycol (EG)/water ratlo - 50.0, 62.-, 75.0,
87.5 and 100 weight %

Emulsifier content - 0.15, 0.20, 0.25, 0.30, 0.50 weight %

External phase (XP)/JP-4 ratio - 97.0, 97.5, 98.0,
98.5 weight %

The formulation matrix is shown in Table I, which contains the
following additional external phase percentages: 3.5, 4.0,

and 4.14 which were added when unsatisfactory thermal stability
values were obtained for the lower XP ratios. All formulations
were prepared in a standard manner, producing about 2-quart
(1400-g) quantities.

2. Matrix Emulsilion Stabilities

An obvious first requirement was that it be possible to prepare
emulsions within the prescribed parameters, and it became ap-
parent that at least 2.5% XP and 0.20% emulsifier would be
required to form emulsions. Once emulsions were formed, ther-
mal stability tests were made for 7 days at 140°F, 77°F, and
-50°F levels. These data (Table II) showed that none of the
120 emulsions was stable at the lower temperature, and subse-
quent tests were made at -30°F as a more reasonable level at
which differentiation could be attained than the -3C°F level.

Most of the emulzions containing 3.0% external phase were easy
to make. The exceptions were those containing very low and
very high amounts of surfactant, as well as those containing
all ethylene glycol. The 0.5% surfactant emulsions went
through a severe sluggish, chunky stage during preparation.
The 100% ethylene glycol emulsions elther would not make or
were highly unstable. 1In general, the emulsions containing
the most water were more stable at 14C°F while those contain-
ing more ethylene glycol were more stable at -30°F, as might
have been expected.
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As the external phase was lowered from 3,0%, the emulsions
took longer to make, until at 1.5% very few emulsions could
be made. Those that were made proved to be highly unstable.

The only emulsion that was stable at -30°F for 7 days was

No. 60. But this emulsion was so unstable at higher tempera-
tures that 1t had to be shaken tack into emulsion form at 7T7°F
before 1t could be placed in the -30°F cabinet. The ztabili-
ties of the matrix emulsions are¢ shown in Table II (blank
spaces are emulsions not made because of fallure certainty).

The matrix experimentation was expanded to include emulsions
containing 3.5%, 4.0%, and U4.14% external phase (Table 1).

The emulslfier content was agaln varled from 0,15% to 0.50%,
vhile the remaining external phase ranged from 25% to 100% EG
(any remainder water). Emulsions containing less than 50% EG
were not prepared with less than 0.25% emulsifier, since other
emulsions of this content had demonstrated little stability.

The stability results through 4.0% XP tshow that none of the
emulsions are completely stable at both -30°F and JL4Q°F

(Table II). 3Several emulsions are stable at -30°F, but none
of these lasted 7 days at 140°F without separating a small
amount of JF-4. Emulsions Nos. 126 and 157 can be considered
to be almost stable at both temperatures, but 7 days of 140°F
exposure slowly produced a film of JP-4 on both emulsions which
settled into a pool of several drops as the emulsions cooled
down to 77°F. This condition may be caused by syneresis (con-
traction of the emulsion), and it is indicated in the tables
by the abbreviation "syn". Adsorption of a small amount of
emulsifier to the container walls may also have ccontributed

to this JP-4 exudaticn,

The 4.14% external phase of the MEF emulsion was not included
in the original matrix experimentation. However, it 1is hard
to believe that 0.14% is the difference between a stable and
an unstable emulsion. Emulsions Ncs. 151 and 158 are the
closest to the MEF formulation of 0.39% emulsifier and S54% EG,
but neither of these emulsions was stable at the temperature
extremes.

In general, examination of the 4% XP and 0.3% to 0.5% emulsi-
fier data shows that the 0.4% and 0.5% emulsifier formulations
are superior, and that either the 0.5% or 0.4% emulsifier
level, with 37.5% EG content of the XFP, provides the greatest
thermal stability. The formulations of Table III were the most
stable of those tested.
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3. Low-Temperature Storage Investigation

initial investigation of the 100-matrix formulatlions falled to :
show that any of trnem passed the -50°F level. Since work on !
the previous contract had shown that MEF was reasonably stable !
at -20°F, an intermediate -40°F level was selected for test;

here too the compositions separated. At -30°F some of the

emulsions proved stable; this temperature was then used in

subsequent screening.

In one instance formulations were stored about a day at -16°F
before being subjected to the -30°F condition. The emulsions
proved stable when subsequently removed to the -30°F condition.
To determine whether this had significant effect, the formula-
tions shown 1in Table IV were subjected to a precooling cycle

at -16°F for the number of days indicated before being trans-
ferred to the -30°F condition.

The data show conclusively that 1t 1is the thermal shock more
than the low temperature which causes the apparent lack of
stabllity. It 1s belleved that the emulslons have relatively
low thermal transmission characterlstics, so that cold tem~
perature storage would result in slow heat transfer, or
preconditioning. Expressed differently, under usual storage
conditions 1t 1s unlikely that a shock from 77°F to -30°F
would affect large volumes of emulsion. It is also unlikely
that large container size and low heat transfer rate would
have the same effect as precooling.

4, Effect of pH and Acidity Excess

Since MEI 1s acldlc and tends to cause mild steel corrosion,
attempts were made to make the emulsions more neutral and pos-
sibly less corrosive. The approach selected was to determine
the effect of the tallow amine salt constitutlion as a function
of excess acetlc acld content on the character of the emulsilon.

Salts of relatively strong acids and weak bases hydrolyze 1in
aqueous solution to form acidic media. Whille acetic acid is
not strong as compared with inorganic aclds such as hydro-
chloric, for example, 1t nevertheless 1s a comparatively strong
organic acid. Amines are relatively weak bases as compared
with ammonla, and though they form salts with acids, upon
hydrolysis the long chain amlnes may become water 1insoluble;
hence, amines offer no real basic reactlon in aqueous media.
For these reasons, tallow amine acetate will hydrolyze to form
acldic (hence potentially corrosive) solutions. Table V shows
the effect upon pH and the thermal stabllity of emulsions
prepared from compositions where excess amine was used to
attempt to ralse the pH to neutrality. When stolchiometric
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amounts of acetic acid and tallow amine were used, the emul-
sion pH was slightly acid at 5.80. Excess amine, and in two
cases excess acid, was used. Excess amine increased the pH
but simultaneously reduced thermal stability, whereas stoichi-
ometric or slightly acidic emulsifier usage tended to produce
more stable emulsions.

Purther, to define the extent of acetic acid excess, flve
formulations were tested at 4.4, 2.2, and 0 excess of acetic
acid in the preparation of the emulsifier. Table VI shows
that generally a 2.2% excess of acetic acid, though it leaves
the emulsion acid, tends to provide the most thermally stable
emulsions. The table shows no 77°F values, since these were
stable and falled to differentiate between formulations.

It might be proposed that an optimum value of excess acetlic
acid nearer stoichiometric, such as 1.1% or 0.5% excess, might
mce nearly provide a less corrosive medium. The significance
of these values and their peossible attainment in production

is as fcllows. MEF contains 4.4% excess acetlc acid, at which
point the amine-acetate salt then contains 18.9% glaclal acetic
acid. A stoichiometric salt contains 18.1% acid. Since the
external phase concentrate consists of the amine salt in ethy-
lene glycol made by adding molten amine to the acetic acid-EG
mixture, various EG:emulsifier ratios can be used. One used
in this work comprised 2 parts EG to 1 part emulsifier on a
280:140 weight basis. Of the 140 parts, 26.46 parts for the
4L,4% excess is the acid, so that the acid represents 6.30% of
the total concentrate. On the same basis, but for stoichio-
metric amounts, the acid amounts to 6.03%. On 100-pound
batches there would be a difference in acid weight of 6.30 vs
6.03, possibly within the sensitivity of the scales used for
manufacture. Looked at differently, variation in a 100-pound
lot of about 1/4 pound would make the difference between 4.4%
and 0% excess acld. As a consequence, 1t was declded that
2.2% and 4.4% excesses of acetic acid would be used for evalu-
ation of the 15 preferred formulations. '

5. Formulas for Storage Tests

Based upon the matrix formulation stabllity and the excess
acetic acid data, a number of formulations were selected for
the extended storage and stabllity tests. These formulations
were chosen to cover the near-optimal or optimal exterral
phase, emulsifier, ethylene glycol ratio, and excess acetic
acid contents with tallow amine as the emulsifier. In certain
instances, values on either side of the optimum were included
to cover possidle variations. The chosen formulations are
given in Table VII.




R

S18IAUL: = LG

[%

uorivanda: ¢-
K]

adurvyo oy - Otz

L4 ON 251 0T 14 161 A0t =

3T ufs g€ ' ¥4 ' ¥ ¥4 doOnT
Aittrrawn Keq-)
G 22 hh 0 22 bk DIOY 01380y 820X ¥
hG hG ns 06 06 nG To0~ATD »unathuyiy g
1°0 0 £°0 G*0 ) G0 ADTIIRINWY Y
Rl h “T'h IR 0°h 0°h 0'#h PERYJ [RUIIIXY 3
AW RGT uniyiysodwny

} 49 ON ON 206 $2 02 206G 304 muOM do0f -

ON ON Sufs ¥4 ON 12 IN ON 7N Ao0nT
Aytrraea; Suedg-y
0 7> ' h 0 22 bt 0 22 ' h PIOV O7390Y S8590Xq g
G- LE G LE ‘DAY G LE G LE G Lt G LE G Lt G°LE 100419 auatThuiy 3
S°0 S0 S°0 £°0 £°0 £°0 G°0 G0 G0 JATJIsINWY %
o'y 04 0°f 0°h 0" 0°4 G ¢ Y G ¢ aseYd Teuaaxy 3
LG 06T 921 uciaysodwo)

IOV JILAOY SSHOXH 40 LOodddd *IA FTHVL




e e o S 8

e S AR o R I T PN Rt ey g, e

*A1T80DBTA X0] 2ITIIINI Or3 I3

PSUOTEITWY B4} T1®

U} uACPNEIQ ¥0&-BUISNED ‘J,Cn~ Inoquw o3 paddoip n.;u:o&uuu..nn
81V JGT ® J3¢ ‘dnoxd sjuj up suolsir@a (1w YiTa paxie ﬂ.“:v.ﬂm
Tg-dD 98A3 ITRIIAdy

‘uROpYWIIq Of
-sysaxauls 03 enp pInbiy jo sdcrp nadg

+ + + + + + + + + + + + + + + + + 4,91~ ot
3 5 3 5 5 3 %251 %9 %06 | %08 5L ¥se %05 $0oT | %05 %51 %02 d,08- 128
¥o1 $oT | %0f %0£ %01 %eT| ¥t %02 ¥cz | 951 %09 * %01 %01 b2 %02 5T 4.041 ot
31 >4 %1 2z ¥51 b 24 uke st 0 ufs | =%€ d,05T 2t
» + 1 < uls + ; 2 + £2 %5 + + + uls + ule \
ol * | ¥ e ol
HBitieen
00% 008 004 oon 00y 00y 00% [0} con~ | 00—~ | 00%~ ooy~ 004g~] oOOn-~ ooy~ | o2n 09€ |0 sfep o 4,ul
ca8 og9 [+7A4 0Ls 029 cEL ol o089 [%%)) 0oL 05839 ot 05L 09l 05 006 col | &.4L 8f%p O 4. i
0018 [0 %) oces 0025 0ol coel 0085 op1s 0015 0029 005y [+ 349 00%% o099 00k9 0oH9 0266} 4,91 sfwp Of 4,0
00€Q ooy 006% 00p5 0cey 0008 00gL 0999 00ES ooglL 0009 0091 ooyl 00T, | 0005 0006 ooy 4,0 fwp T 4,0
c1gt <14 o052l 01€1 QTET OLET 0gtT 3¢ onty oLzl oote oanl 0921 00LT 0591 [ ooyl A1e3wipows
& g 009 il 9 09 § i LW&.
Nﬁu\noES Wnivy PLoTX
Ed n 1 s ¥ n Y S Y L] s S s S Ll " U $ITS UvIPN
5-1 g-1 o1-2 o-2 G-1 (134 8-1 l-2 L-1 g-2 g-2 Lt 8-1 6-2 5-2 L1 9-2 %
QT »:mo.a
9% nn TN Lad ] yy By e 2-2 2'e 22 22 0-0 22 (N} 2°2 e LY PISY msedxy ¥
(434 5 lE S-LlE [4F14 A G L€ G LE 0°0% G it 0°0% 0°0% S lE G- lE G Lf 0-0% G LlE s$vd (o %) otams o%w/ma
s-c s 0 £°0 €0 | w0 G0 (3¢} €0 £°0 %0 %0 1°0 0 %°0 S$*0 $°0 %0 ELaeaidn <1
05t o'n qI°y [14E') nl°y [185'] 0S°t 00y 00°% 00y 00§ o0y 00"y 00*§ 00y 00y %l osWyy TWAISIXY
921 451 £91 S9T lg9t 92t 151 05T T-161 1-061 251 ) 48T &K *OR uoTrITM]
€183L ALPTIAVIS QMY ‘AIVA QGEIX ‘EZIS JTXIS0MC - SNCIFIGI NQLI0  “IIA JTEVE

16




Ter. representative emulsions were prepared in l-gallon gquanti-
ties for the above tests. Two weeks later, 5 additional emul-
sions were prepared to complete the investigational picture.
The Hobart Model C-100 mixer of 2-gallon capacity was used for
these preparations.

5.1 Droplat Size

The droplet size range and median value were determined via
the microscope for all 15 emulsions on the day of preparation.
The thermal stabllity results of Table VII show no distinct
difference between ~—mulsions, even though 151-1 begai to break
almost immediately after preparation., It appears that droplet
size 1is largely a function of mixing technique rather thaa
stability (Table VII), and its determination will not serve

as a satlsfactory quality-control method.

5.2 Yield Stress Values

The yleld value was determined for all 15 emulsions within an
hour of preparation using the revised specification for the
purpose (Appendix II). A full l-quart jar of each emulsion
was then stored for 20 days at 140°F, and two leveled 800-
milliliter beakers of each emulsion were covered tightly with
aluminum foll and stored 30 days at -16°F and -30°F. Prior

to the -16°F storage, the beakers of emulsion had been stored
overnight at 0°P so that the yileld value could be measured at
this temperature the following day. The remaining portion of
emulsion from the l-gallon quantity was stored 30 days at T77°F.

At the end of these storage periods, the yleld vaiues were
again measured at the prescribed temperatures of 77°F for the
emulsions stored at 140°F and 77°F, and of 0°F for the emul-
sions stored at -16°F. The emulsions at -30°F had all btroken
about 50%, and the yield v2lue could not be determined. The
emulsions at 140°F all contained some free JP-4, and the yield
values of these could not accurately be determined; the yie ' .l
values of the tnickest and thinnest appearing emulsions were
so numerically close that the rest ¢f the emulsions in this
Eroup were arbitrarily assigned a yleld value of 400 dynes/cm?
{see Tatle VII).

Again there was nc significant difference in yield values
between emnulsions at eltner high or low temperatures. The
one exception was emuislon 191-1, which was very viscous upon
preparation and Yegan LC break almost 1lrmediately. A repeat
of this emuis!on prepuration produced an emulsion of standard
viscesity which appeared o te mcre stabie than the first.
However, after severa. hours, it too began to break.
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All the emulsions became significantly less viscous after
storage at 140°F and 77°F. They were all very viscous at O°F,
both before and after storage, and would not pour or flow.

An experiment was conducted to check on the reproducibiliiiy

of emulsion stability results., Five emulsions each of the two
most preferred formulations were prepared the same day within
identical parameters. The standard 7-day stability tests were
run at 140°F and -30°F. When a malfunction occurred in the
=30°F cabinet and ruined the test, another was started with
the remaining emulsion, now 7 days old. These results are
shown in Table VIII. It is interesting to note that some of
the emulsions, showing either stability or instablility in the
first abbreviated -30°F test, reversed positions in the second
test. Overall, emulsion 157 showed more stability tharn 150-1.

6. MEP-1 Selection

Expansion of the original matrix of 100 compositions to a total
of 168 was necessary to define the parameters controlling
thermal stabllity and included extensions of the external phase
and certain formulations at 0.4% emulsifier levels.

Attempts at storage at -50°F were unsuccessful, and a -30°F
level was used to provide a degree of differentiation between
formulations; even then the formulations proved unsatisfactory.

It was found that preconditioning of emulsion for up to 24
hours at -15°F before plunging into -30°F conditlons resulted
in much more stable emulsions. As a consequence, 1t is con-
cluded that thermal shock is a contrclling factor in low-
temperature stabllity.

Ease of preparation and thermal stability showed that the
external phase was at an optimum at 4.0 weight %£. Ratlo cf
ethylene glycol to water was at an optimum at 37.5% glycol
to 62.5% water.

At the foregoing levels of external phase and ethylene glycol,
an optimum level of 0.5 welght £ emulslifier proved to be most
satisfactory.

The effect of pH of the external phase and the ratlo of acetic
acld to tallow amine was investigated, showing tha* optimun
stadbility was attained at 2.2% excess acid.

Fifteen formulations were selected for extended evaluaticn,
which included thermal stabllity, yleld stress values, and
droplet size. Droplet size appeared to be mcre a function
cf preparation than of stability and did not appear tc lend

18
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itgself to quality control. None of the emu "i1ons was stable
at -30°F, but all were ratisfactory at -16°F. All of the
emulsiocns showed decrease in yiela value after a 30-day
stcrage period.

The preferred formulation was comprised cf 4.0 weight % exter-
nal phase, 0.5% emulsifier at 2.2% excess acetic acid, 37.5
weight % ethylene zlyccl, and 6-.5% water. This formulation
wes supescior to the original MEF formulation, and had an
initial yleld stress of 1460 dynes/cm?, which became 64GO0
after 30 days at -16°F, and 900 after 30 days at 77°F. The
emulsion released 15% JP-4 after 12 days at -30°F.

The formulation recommended as !MEF-1, resulting from the ex-
perimental data cited, has the fcllowing compositicn:

External phase - 4.0 weight %
Ethylene glyccl/water weight ratio - 37.5/62.5
Emulsifier - 9.5 weight % at 2.2% acetic acid excess

Improvzments in corrosion preventicn and thermal stabllity were
based upcn this formulation.

MEF-2 DEVELOEMENT

Having optimized the formulation tc¢ produce MEF-1, the 1improve-
ment over the originally reccmmended formula, ctner approaches
were followed to lead to a final formulation as free as pos-
sible from faults such as lack of low-temperature stablilility

and high yleld stress, and corrosion. The following sectlons
record these improvements.

7. Coupling Agents

Previcus observations had indicated that the anti-icing addi-
tive (AIA) in JP-4 fuel, comprising methyl cellesclve, had
resulted in an improved MEF, put 1t was not pocssible to pursue
this lead furtner at that time. It was suspected tha! substi-
tution of AIA or another coupling ugent (il.e., & fluld which
will make two immiscible phases more compatible] for ethylene
glycol would improve thermal stability. {unsejuently, 2 number
¢ the more likely chemicals of this yeneral nature were chosen
and applied to a selected tallow amite acetate forrmulaltlon.
Several were tested and are shown 1n Tatles IX througa XII.

Initial tests were made with selected ccoupling agents used in
}.

lecte
a formulatiorn approaching the MLF tase; e.g., mat-ix formula
16 comprising 3% external phase, (.23 tallow amire acetate,

TN
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and 50/50 ratio of EG/water. These data (Table IX) show that
t-butanol improved the overall emulsion stabllity. While not
affected at 1U0°F, the emulslion was stable for 7 days at -30°F.

Methanol was subsequently tried and was found to work equally
: as well as, or better than, t-butanol; also, emulsion formation
] ; seemed slightly improved as compared with t-butanol. Both
i ; alcohols caused bypassing o“ the early "chunky" stage which
| . cccurs in preparing MEF emulsion. Both alcohols were tested

at various concentrations in three "type" formulations (Nos.
16, 21, and 22); the stability results are shown in Table X.

An attempt was made to prepare the amine acetate emulsifier
in water rather than in EG, which 1s standard procedure. This
would allow the use of a more emulsifier-dilut- XPC, since
water 1s the major external phase constituent in MEF-1l. How-
ever, the emulsifier precipitated in the water when the amine
and acld were reacted and would not dissolve even with mild
heating. This result seemed to rule out the possibility of

2 100% water emulsion and 1llustrated the value of <G as a
coupling agent between the emulsifier and water.

Table XI shows the effect of varying amounts of methanol, iso-~
propanol, and t-butanol on the stability of other matrix for-
mulations. The isopropyl and tertiary butyl alcohols generally
produced emulsions with about the same stability as the parent
emulsions, while methanol generally gave less stable emulsions.
Failure to significantly improve stability does not warrant

the use of an alcohol in emulsicns.

8. Corrosiocn

8.1 Emulsion pH - Effect of Excess Tallow Amine

Cmulsion MEF was found to have a pH range of 5.5-6.0. This
acidity 1s probably the cause of mild steel corrosion. Various
external phase concentrates were therefore prepared with excess
tallow amine to obtain an emulsion with a pH higher than T7.0.
Matrix emulsion No. 1€ was prepared in each case, and the pH

was measured after varying amounts of JP-U were added (Table
XI1).

while excess amine ralsed the pH of the external phase, cumu-
lative additions of JP-4 gradually solubillzed the excess

amine until an acid ccndition was again produced in the final
emulsion.

Reduced stability of the emulsions resulted as excess hydro-
genated tallow amine was aaded.




k- R

These data indicate that, because of emulsion instability,
corrosion cannot be controlled by excess amine additions to

the tallow amine acetate emulsions; therefore, other approaches
were sought.

8.2 Additives

A short literature search showed that there were no reported
additives that would completely prevent mild steel corrosion
in an acetic acid environment. Many compounds were suggested
that might retard corrosion by a protective adsorption on the
metal, and these were tried in an emulsion system. An amount
of various potential inhibitors equal to 0.5% of the external
phase, or 200 ppm of the total emulsion, was added during
emulsion preparation. Cleaned 1l- x 3 Inch mild steel coupons
were half-immersed in these emulsions, which were then stored
either 1 day at 140°F or 1 week at 77°F. Metal coupons were
also immersed in emulsions containing either alcohol coupling
agents, varlcus amounts of external phase constitucntc, =
emulsifier containing an acetic acid substitute. The severlty
of corrosion at the end of the test perlods was visually esti-
mated, and a numerical rating was given each emulsion (0 for
no corrosion). The results are shown in Table XIII.

Most of the corrosion at 77°F occurred at the emulsion-ailr
interface or below, while the corrosion at 140°F occurred at
the emulsion-alr interface or above. None of the additives
significantly slowed corrosion at 140°F, and only cyclohexyl-
amine reduced corrosicn at 77°F. However, this additive
greatly reduced both the emulsion stability and viscoslty.
Emulsions containing the most water and emulsifier caused the
fastest and most severe corrosion at 77°F, while no difference
was noted at 140°F. Alcohol coupling agents had little or ro
effect on the corrosiveness of the emulsion.

Since none of the more usual additives appeared to control
corrosion, the next step was to change the acld used to
neutralize the amine, with the hope that the acid hydrolysis
product would be less corrosive than acetic acid.

8.3 Replacement of Acetic Acid in the Amine Acetate

Previously reportad data showed that stoichiometric neutrali-
zation of tallow amine resulted in lowered thermal stability
but possibly improved corrosion characteristics. Near-optimum
thermal stability was achieved using a 2.2% excess amount of
acetic acid for neutralization, though retaining the undesir-
able corrosion factor. To correct t 1s feature, 1t was con-
ceived that a change in the terminal grouping of a short chailn

26
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aliphatic acid might prove to be feasible, even though such
an acid might have an lonization constant indicating it as
a stronger acid than acetic.

One approach was to neutralize the amine with an alkyl phos-
phoric acid, since many phosphate esters are noted fcr their
corrosion-inhibiting properties. Substitution for acetic
acid was attempted with pheospghoric acid and complex organic
phosphate esters (Emcol CS-136, CS-14l1, ard (S-151 enulsi-
fiers). The neutralizations were perfcrmed to a pH of 9.5,
which is noncorrcsive. However, eaci time a salt formed that
w. = fairly insoluble in water (HLE of §-10) and EG, and no

sa isfactory emulsion with JP-4 would form.

When hydroxy acetic and hydroxy prcpionic aclds (glycclic and
lactic acids, resnectively) were substituted for acetic acid,
the corrosion prsoblen: nearly disappeared. No rust was noted
f. cither at a 77°F test temperaturc exposure (Table XIiI),
and after l-week exposure at 1L40°F the metal coupons showed
only minor amounts of rust.

Since the hydroxy acid emulsions were so successful In eliml-
nating corrosion qualitatively, several tests were repeated
on a quantitative basis. Thils time 1- x 3-inch strips of
99-8-213 brass were individually tested in the same emulslons
as those used for cold-roiled mild steel,

The metal coupons were cleaned with a nylon brush in water and
detergent, dried, and then rinszd in petroleum ether and ace-
tone, respectively. The test was made 1in duplicate, so that
two coupons of each metal were half-i.unersed in different jars
of the same emulsion. These emulsicns were then stored for

1 week at 140°F, after which the coupons were rinsed, dried,
and reweighed. The welght losses of the individual ccupons
and the average loss per metal and emulsion are shown 1in

Table XIV.

Again the glycolic and lactic acids caused nc significant cor-
rosion of mild steel., Their attack on trass was also much less
than that of acetic acid.

Of the two acids (glycclic and lactic), glycollc 1eg the more

available at lower cost; it wes tcsted further as an advanced
improvement over MEF-1, using a different amine.

9. Emulsifier Improvement

The amine portion of the emulsifier used in MEF-1 emulsion was
distilled, hydrogenated tallow primary amine. Distilled tal-
low primary amine is a mixture of essentially three amincs:

28
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L4g oleyl (unsaturated C;,), 25% stearyl amine (saturated C;,),
and 25% palmityl amine (saturated C,,). Hydrogenation of the
tallow converts all of the oleyl amine to stearyl amine and
saturates any of the minor components.

With these reservations in mind, the following three surfac-
tants were tested as possible substitutes for tallow amine:
Surfactant 1 - N-Tallow-1l,3-diaminopropane acetate

Surfactant 2 - Dimethyl hydrogenated tallow amine,
distilled

Surfactant 3 - Tallow amine

The two amine surfactants were neutralized with an amount of
acetic acid based on that required to neutralize tallow amine.

9.1 Surfactant 1

This surfactant was tested in matrix emulsions Nos. 16, 21,
and 22. For each, a uniform oil-in-water emulsion was formed.
However, when various amounts of acetic acld were added to

the No. 16 matrix, normal looking oil-in-water emuislons were
formed. But all were of limited stability, as shown in

Table XV,

9.2 Surfactant 2

This surfactant was arbitrarily tested in matrix emulsion
No. 21, both with and without excess acetic acid. 1In both,
an enulsion was easily produced; but for each, the emulsion
started to break after the mixer was stopped (Table XV).

9.3 Surfactant 3

This surfasctant was also arbitrarily tested in matrix emulsion
No. 21. Only one emulsion was made. It was stable for 6 days
at both -30°FP and 140°F (Table XV).

This surfactant consists of 90% solids and 10% 1iquid. The
1iqQquid portion was used in the emulsion for the sake of con-
venience, and it probably represents the oleyl amine portion
of the product. Since the 1liquld portion looked so effective
in the preliminary trials, 1t was tested further as indicated
below.

9.4 Oleyl Amine

Which of the primary amines was most beneficlial for emulsion
preparation and the importance of hydrogenation and distilla-
tion had never been determined.
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Various external phase concentrates were therefore prepared by
neutralizing the acetic acid in EG with the following amines:
stearyl, oleyl (77%), tall oil (90% oleyl), tallow, distilied
tallow, and hydrogenated tallow. Distillled, hydrogenated
tallow primary amine was also investigated as a second source
material. Four emulslions were prepared with each external
phase concentrate (XPC); the stability results are shown in
Table XVI and discussed below.

The varlous amines caused no significant differences in emul-
sion stabllity at 140°F. However, the stearyl amine produced
two emulsions that were unstable even at 77°F. Stearyl amine
and hydrogenated tallow amine produced emulsions that were
highly unstable at -30°F, and emulsions containing tall oil
or o%egl amine were found to be stable at temperatures as low
as -65°F.

Emulsion viscosity at low temperatures was lnversely propor-
tional to the amount of unsaturated amine in the emulsifier.
Emulsions prepared with oleyl or tall oil amines were much
less viscous at -30°F than tallow amine cmulsions, and the
tallow amine emulsions were much less viscous at -30°F than
the hydrogenated tallow amine emulsions were at 0°F. This
phenomenon is illustrated in Table XVII, where the yileld value
of various emulsions 18 shown first at -16°F and then at 0°F.

9.5 Technical Oleyl Amine From Various Sources

Oleyl amine samples were obtained from various sources for
analytical evaluation. The technical grades were usually
clear liquids, while the distllled grades were cloudy suspen-
sions that were largely liquild with a small amount of fine
solids. Because of this clarity and the significantly lower
cost, the technical oleyl amine was preferred over the dis-
tilled grade.

The technical oleyl amine samples evaluated included clear
liquids, plus a clear sample which also contained some large
residual sollds (filterable). Two gallons of amine was pur-
chased for future emulsion preparations, and a sample of this
was also analyzed. A distilled sample of oleyl amine was
included for comparison.

The five amine samples were dissolved 1ln acetic acid and
titrated electrometrically with 0.02 normal perchloric acid.
From the amount of titrant required were calculated the amount
of required glycolic acid, the amine number of the sample
(milligrams KOH per gram oi amine), and the average molecular
weight. The results of these calculations are shown in

Table XVIII, and the methods of calculation are:
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(3

Grams of glycolic acid/gram ur amine =

milliliters x normality (titraant) x 0.076 (1)
£ Glycolic acid in emulsifier = [(1)/(1)+1] x 170 (2)
Amine number = (1) x 5%,100,/76.05 (3)
Average moleculag weight = grams of sample x (4)

100/milliliters x normallity (titrant)

9.6 Oleyl Amine MEF-2 Emulsion Preparation

Gallon quantities of six MEfF-2 candidate emulsions were pre-
pared with the Hobart Modei C-1GC mlxer so that physlcal proper-
ties could be determined. Each emulsion had 4.0% external phase
and contalned an emulsifier of technical oleyl amine neutrallzed
with elther acetic, glycolic, or lactic acld. Two emulslons
were prepared with each emulsifier acld and contained an EG/water
ratio of either 37.5% or 28.6%. The 27.5% ratio is that of
MEF-1, while 28.6% was arbitrarily chosen because it colncides
to a 2/1 ratio of EG and emulsifier, thact of the standard XPC.

The emulsions were prepared by the standard procedure, and 1t
was then noticed that the corresponding emulsions with glycolic
and lzctic aclds were of greater viyiume than those with acetic
acld. More evident was the greater volume of the emulsions
with 28.6% EG versus 37.5%. This phencmenon indicates a dif-
ference In the amount of alr entrapped during mixing, and the
suspicion was confirmed later with the microscope. Entrapped
alr may not be a problem in a completely enclosed mixing system.

Since corrosion reduction 1s a desired objective, comparative
tests were made with acetic, glycollc, and lactic acids and
wlth oleyl amine.

One- by three-inch miid steel and brass coupcns were cleaned
wlth water and detergent, rinsed successively 1n petroleum
ether and acetone, and weighed gravimetrically. Two coupors
of each material were individually half-immersed in 4-ounce
jars of each emulsion, and the jars were the., stored 1 week
at 140°F. After this time, the coupons v=re again rinsed

and reweighed. The weight losses are shown in Table XIX (see
alsc Table XIV).

Severe corroslion occurred on the mild steel panels in both
acetic acid emulsions, but none was visually detected on those
panels in the lactlc and glycollc acid emulsions. The former
coupons lost significantly in welght while the latter coupons
gailned slightly 1n weight. The variation 1n EG/water ratio
seemed to have no significant effect on the amcunt of steel

or brass corrosion.
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The switch to lactlic acid from acetlc acld reduced the brass
corrosion by a factor of two, while switching to glycollc acld
reduced the corrosion by a factor of three,.

9.7 Cloud and Freezing Points of MEF-2 External Phase
Concentrate (XPC)

MEF-2 XPC contalning a 2:1 ratic of EG and emulsifier, plus a
small amount of water from the glycolic acid, was checked for
cloud point and freezing temperature. A test tube containing
the XPC and a thermometer was 1inserted into a Dewar flask con-
tailning methanol. Dry ice was added gradually to the methanol
in order to slowly lower the temperature of the XPC. At 5°F
the emulsifier began to precipitate from the glycol solution,
which then became very stiff. When the XPC was allowed to warm
up again, the solution became clear at about 10°F.

When 10% of the water necessary for an emulcion was added to
the XPC, the emulsifier began to precipitate at 20°F, and the
solution again became stiff at 5°F. When allowed to warm up,
the XPC became clear at 30°F.

The XPC appears to have a low enough fr_-ezing point for easy
handling at low temperatures. The sclubillty of the emulsi-
fler in the JP-4 phase 1s no doubt the limiting factor in low-
temperature emulsion preparation. Emulsions have been prepared
with U0°F JP-4, but the process was slower than with 77°F fuel.

10. Emulsifier Stoichlometry

Excess amine is soluble in JP-4, but excess acid may be the
cause for considerable corrcsion. Consequently, XPC's were
prepared which contatned amounts of glycollc acid at stoilcnilo-
metric, 1% less than stoichiometric, and 2% greater. The XPC
with acld deficiency was prepared with solld reagent grade
glycoilil acld, while the other two were prepared with the
~ommercial acid solution. Emulsions were prepareu in the
tHicbhart mixer, and thelr relative stablllty, pH, and mild stee’
corrosion properties were determined. The results are shcwn
in Table XX.

i0.1 Mild Steel Corrosion

One- by three-inch strips of cold-rolled mild steel were
cleaned with detergent and water and successlvely rinscd in
petroleum ether and acetone. The metal coupons were welghon
and then halif-immersed In two jars euch 2f the varlous enmul-
sions. After storage for 1 w2ek at 1UC°F, the oups.s were
removed from the jars; ilised iIn water, petroleur etner, and
acetone; and r.wWelghed. The average welght loss ~f mlld siee
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in each emulsion was determined and is shown in Table XX. The
amount of corroslon on all of the coupons was l1lnsignificant,
and none could be detected visually.

TABLE XX. EMULSIFIER ACID CONTENT EFFECT ON
CORROSION, pH, AND STABILITY

% External Phase 4,0 4.0 4.0
% Emulsifier 0.5 0.5 0.5
EG/H20 Ratilo 37.5 37.5 37.5
Acid Above Stoichiometry -1% 0 2%

Mild Steel Corrosion, 7 days
of half immersicn at 140°F;
average weight loss per

coupon, mg 0.2 0.1 0.4
Emulsion pH 4.9 4.6 4.5
Emulsion Stability, 7 days 1% 3% 2%

at 140°F (% Jp-4),

% free JP-4

10.2 Emulsion pH

Calomel and glass electrodes attached to a Beckman pH meter
were immersed 1in the three emulsions. Because the emulsions
are not true liquids and contaln entrapped air, the meter

readings were unsteady. However, the readings obtained most
consistently were conrsidered true and are shown in Table XX.

The pH readings ¢l the MEF-2 emulslons were about one unit less
than those for the MEF-1 emulsions; thls is consistent with the
fact that glycollc acld 1s 9.4 “imes stronger than acetic acid.

10.3 Emulsion Stabllity

Half-f1lled quart Jars of each emulsion were stored 1 week at
140°F. At the end of this time, each Jar contained only a
small amount of JP-4 as a result of either evaporaticn-
condensation or slight emulsion instablility. The relative
amounts of JP-4 are shown in Table XX as total percentages;
however, the absolute differences are small enough tc be due
to cxperimental error.




In summary, these small differences in glycolic acid content
falled to show marked differences in corrosion, pH, or emul-
sion stability. As might be expected, the =-1% acid resulted
in higher pH (excess amine), but the changes other than this
were minimal.

1ll., MEF-2 Formula Selection

The tests cited above show that switching from acetic acid to

a hydroxy acid greatly reduced or nearly eliminated the corro-
sion problem, while switching from tallow amine toc elther oleyl
amine or tall oll amine practically ellminated the low-tempera-~
ture stabllity and viscosity r oblems. Thus, the MEF-1
formulation with emulsifier containing one of these aclds and
amines is the likely MEPF-2 c¢mulsion preference.

Tests showed that excess acld or amine in the emulsifier did
not improve the performance of the emulsion. Therefore,
stolchiometry should be the goal, to prepare the emulsifier
for maximum effectiveness. It is unlikely that any emulsion
would contaln exact quantities of acld and amine because of
limitations of commerclal welghing equipment. Since glycolic
acid is the minor component in the emulsifier (22%), a small
excess would result in a loss of amine glycolate equal to only
two-ninths of the excess acid. However, a deficlency 1n acid
would result in a loss of amlne glycolate equal to the entire
amout:t. Therefcre, a goal of 1% excess acld in the emulsifier
1s recommended to more nearly achieve stoichliometry.

To compare the acetic acld formulatlcon of oleyl amine with the
formulations comprising hydrcxy acids, a serles of parallel
tests was made to determine droplet size, yleld value, and
thermal stability.

The yleld values were aetermined for all emulsiocns shortly
after preparation. The method used was the now-standard pro-
cedure with the modified ASTM cone penetrometer cited in
Appendix II.

A full l-quart jar of each emulslon was stored for 30 days at
140°F; a leveled, covered, 800-milliliter Griffin beaker of
emulsion was stored at -30°F; and a full half-gallon jar was
stored at 77°F. Then, the yield value was again determined at
TT7°F for the 140°F and 77°F stored emulsions; it was also
datermined at O°F for the -30°F stored emulsions, both before
and after the 30-day perilod.

The results in Table XXI show tnhat the emulslons with acetlic

acid are slightly morc viscous initlally. The differences 1n
yleld value become negligible, however, after the 3C-lJay
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storage periods. No significant difference was noted between
corresponding emulsions with the different EG/water ratios.

All the emulsions were stable for 30 days at both 77°F and
-30°F, and all contained minor amounts of free JE-4 after

30 days at l40°F. The =mulsions with acetic acid definitely
contained more free liquid than the glycolic and lactic acid
emulsions (about 5% vs 2%). In addition, both acetic acid
‘emulsions had turned dark yellowish-brown, while the other
emulsions contained only a slight amount of yellowness near
the top or the jar. The small amount of JP-4 that breaks out
of every ~2mulsion during storage at 140°F suggests an evapo-
ration-cundensatlon cycle rather than emulsion instability.

Again, there were no differences in thermal stabillty between
like emulslons with the different EG/water ratlos.

Droplet size range and median value were determined (via the

" microscope) for the six emulsions on the day of preparation.
The type of acld had no effect on droplet size, while the
EG/water ratio made a noticeable difference. All the emulsions
with 28.6% EG/water contained more entrapped air and had a
higher median value droplet size., It 1s believed that the
~greater amount 'of entrapped air reduced the mixlng efficlency
and resulted in larger droplet size.

Since the parameters of 4.0% external phase, 0.5% emulsifier,
and 37.5% EG/water were optimum for MEF-1, they were also
adopted for the preliminary MEF-2 formulation. Confirmatory
tests vere run in the form of a limited matrix evaluation,
Emulsifier content was varied from 0.3% to 0.7%, while the
EG/water ratio was varied from 28.6% to 75.0% EG.

An external phase concentrate of 2:1 EG:emulsifier ratio was
maintained with 1% excess r;lycolic acid.

An advantage of the oleyl amine glycolate formulation over
MEF-1 1s that no additional heating of the external phase 1is
required for emulsion preparation. Both commercial glycolic
acld and technical oleyl amine are clear liquids at 77°F, and
their salt remains liquid after formation in the ethylene

. 8lycol. .
A reason for maintaining the ethylene glycol at a higher ratio
18 its excellent solvency for oleyl amine glycolate. This
emulsifier has shown a preferential solubility in the water-EG
phase over JP-4 when an emulsion is broken by high shear.
Since the glycolate 1is not too soluble in water alone, a
reduction in the amount of EG below 28% might alter this
preferential solubllity,.
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Seven-hundred-gram quantities of emulsion containing variable
amounts of external phase components were then prepared in the
Hoburt Model C-100 mixer. Two emulsions of each formulation
were made, and 7-day 1l40°F stability tests were run. The aver-~
age results and emulsion parameters are shown in Table XXII.

The results confirm that emulsion formulation 4 1is optimal

for MEF-2. Although formulation 3 is equal in thermal sta-
bility, it has the disadvantages of more easlily absorblng

alr during preparation and passing initially through a more
chunky stage. The stabilities of the matrix emulsions adjacent
to 4 show that moderate deviations of MEF-2 components should
not adversely affect emulsion performance.

These data demonstrate that the preferred formulation, as with

MEF-1, is a 4% external phase, 0.5% emulsifier containing 1%
excess acid and a 37.5/62.5 EG/water ratio.

MEF-2 PROPERTIES

12, Yleld Stress Change With Age

A 2800-gram quantity of MEF-2 emulsion was prepared in the
Hobart Model C-100 mixer. The yield stress was measured lmme-
diately, weekly during the first month of storage at 77°F, and
again after 60 and 90 days of total storage. There was no
free JP-4 or other sign of emulsion deterioration at the 90-
day measurement. The results are given in Table XXIII and are
shown graphically in Figure 1.

As the large drop in viscosity after the first week was prob-

ably due to loss of entrapped ailr incurred during the mixing
process, the specific gravity change with time was determined.

13. Specific Gravity Change With Time

The specific gravlity was determlned for freshly prepared MEF-2
emulsion and also for 1l0-week-old emulsion., Both emulsions
had been prepared in the Hobart Model C-100 mixer.

A l-liter graduated cylinder terminated at the 570-milliliter
~ark was used as the welghing container. It was welghed empty
and also when full of either water or one of the specific

emulsions.
The water was poured into the cylinder until 1ts surface coin-

cided to ﬁhat of the plane of the cylinder top. The emulsions
were spooned into the cylinder, and any excess was removed with
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TABLE XXII. MATRIX FbRMULATION STABILITIES
Kverage % Jp-1 |
Emulsion ¥ External 4 z Separation
- No. Phase Emulsifier EG/H,0 @ 140°F

1 k.o 0.3 37.5 5

2 4.0 0.4 37.5 1

3 4.0 0.5 28.6 Syneresis¥

y .o 0.5 37.5 Syneresis

5 4.0 0.5 50.0 1

6 4,0 0.5 75.0 100

7 .o 0.6 37.5 1

8 b.o 0.7 37.5 5
*Formation of JP-U4 droplets

TABLE XXIII. YIELD STRESS CHANGE WITH AGE

Period of Yield Stress
T7°F Storage (dynes/cm?)
Immediately 1420

1 week 910

2 vweeks 870

3 weeks 790

"1 month 750

2 months 690

3 months 690
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Figure 1. Yleld Stress Change With Age
of MEF-2 Emulsion at T7°F.
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a stralghtedge. Any large pockets of air had been previously
pulled out by the action of a spatula. The cylinder was filled
and weighed three times for each of the test flulds; an average
welght was used to determine the specific gravitiles.

At the concluslon of the specific gravity determinations, the
yield stress was measured for the two emulslons. The results
are shown in Table XXIV.

The difference in specific gravitles shows that loss of en-
trapped alr 1s the best explanation for the lowering of yileld
stress in aged emulsions.

TABLE XXIV, SPECIFIC GRAVITY CHANGE WITH AGE
Specific Yield Stress
Fluid Age Gravity (dynes/cm?)
Water - 1.00 -
MEF-2 2 hrs 0.665 + 0.001 1050
MEF-2 10 wks 0.731 £ 0.001 780

14, Emulsion Solubility

It 1s already known that chemical demulsification by releasing
the amine results in an almost quantitative removal of the
amine to the recovered JP-4 phase. The objective of thils ex-
periment was to show the relative solubility of the MEF-2
emulsifier in the JP-4 either in the emulsion condition or
broken from the emulsion by shear.

The experimental details follow. About 100 ml of C!'%*-labeled
MEF-2 was treated for 5 minutes in a blade blender. The re-
sulting partially broken emulsion (~50%) was then centrifuged
for 5 minutes at 500 g in a clinical centrifuge. Duplicate
l-gram samples of the clear JP-4 were removed, and the radio-
activity was measured with a Tri-Carb Scintillation Spectrom-
eter. The above procedure was repeated twice.

The partition coefficlent 1s defined as the concentration of
emulsifier in 1 gram of fuel divided by the concentratlon in

1 gram of external phase. Knowing the original activity in the
emulsion (cpm/g), and having measured the activity in 1 gram
of the recovered JP-4, the activity 1s determined in 1 gram of
external phase, by difference.
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Knowing the partition coefficlent, we can then determine the
percentage of emulsifier dissolved in the JP-4 from the fol-
lowing equation:

g = 100 x Partitlon coefficlent (5)
Partition coefflclent + grams X?/grams JP-4

Multiplication of the above percent by the original emulsi-
fler concentration of 0.007 then ylelds the actual emulsifier
concentration in the recovered JP-4, The results are shown
in Table XXV.

The results show that nearly all (99.7%) of the released emul-
sifler has preferentlally dissolved 1in the water-EG phase.

14.1 C!*-Labeled Glycolic Acid

A 700-gram quantity of MEF-2 was prepared with C!'“-labeled
glycolic acid. Two 100-milliliter quantities of this emulsion
were treated for 5 minutes 1n a blade blender. The resulting
partially broken emulslons (Vv50%) were thenn centrifuged for

5 minutes at 500 g in a clinical centrifuge. Duplicate l-gram
samples of the clear JP-4 were removed from each container,
and the radioactivity was again measured with a Tri-Carb Scin-
tillation Spectrometer.

The two samples of parftially broken emulsion were then stored
at 77°F in the stoppered centrifuge containers. Duplicate
l-gram samples of the clear JP-U4 were again withdrawn after
three consecutive 30-day periods, and the radicactivity was
measured.

The results show that the partltion coefficlent remains essen-
tially constant (within experimental significance) during 90
days of <t~rage (Tailc AXV,. wunl_ about C.3% <f vhe gl jcclilic
acid emulsifier remains in the JP-4 recovered by shear. This
1s equivalent to an absclute concentration in the JP-4 of

0.002%.
14,2 Oleyl Amine Titration

The above tests with C!*-labeled glycolic acid were run with
the expectation that the oleyl amine part of the emulsifier
would remain connected to the glycolic acid after shear break-
down of the emulsion. However, the monitoring of radicactivity
in broken emulsinn is really only a measurement of the glycolic
acid alone. Therefore, an amine determination was also run on
the recovered JP-U after completion of the 90-day storage and
all radioactivity measurements.
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The standard nonaqueous titration procedure was used whereby

10 milliliters of the JP-4 was dissolved in glacial acetic acid
and then titrated with 0.02N perchloric acid and crystal violet
indicator. JP-4 from both broken emulsions was titrated, and
the results are shown in Table XXVi,.

TABLE XXVI. OLEYL AMINE SCLUBILITY
Grams Amine Wt § of
JP-4 Source, per 100 ml Amine in % Concentration
Emulsion No. of Jp-4 JP--4 Phase of Amine in JP-4
1 0.0160 5.2 0.0207
2 0.0128 4.3 0.0166

Surprisingly, the amount of amine found was ten times larger
than that indicated by the glycollc acid tests. However,

a range of 2-4% of the initial cleyl amine has consistently
been found in the recovered JP-U from all types of high shear
equipment.

It appears from the above tests that high-shear-recovered JP-U4
will contain 10 parts of oleyl amine for every 1 part of gly-
colic acid, or it will contain a concentration of approximately
0.02% oleyl amine and 0.002% glycolic acid.

In the separated JP-4, the glycolic acid willl be present as
amine glycolate, and 9 out of 10 parts of the oleyl amine will
essentially be in the free state. Appa ontly, the preferential
soluoliity attraction for EG and water of the other 9 parts of
glycolle acid 1is stronger than for the weak chemical bond be-
tween the amine and glycolic acid.

An interesting confirmatory test would have been to break an
emulsion containing C!"-labeied oleyl amine and then perform
the serles of radiocactivity measurements. However, a source
of radiocactive oleyl amine was not found.

15. Droplet Size Variation With Age

Five gallons of MEF-2 emulsion was prepared with the Hebart
Model C-100 mixer and stored in a 5-gallon jar. Three L4480-
gram batches (1.7 gallons) were prepared by slowly adding all
the JP-4 to the external phase and mixing the emulsion for
8 minutes after the last fuel additlion (#2 speed). Emulsion
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from each batch was examlined under the microscope for droplet
size range and median value, The values were similar to those

Samples were again drawn from depths of 2, 8, and 15 inches by
application of vacuum to a 1/4-inch glass tube. The droplet
slze range and medlan value were measured under the microscope,
and a complete summary of results over the 2-mcnth period is
shown in Table XXVII.

TABLE XXVII., DROPLET SIZE VARIATION WITH AGE
-gggg%£“3 2" (Top) 8" (Middle) 15" (Bottom)
Dgigiet Range Median Range [Medlan Range  Medlan
| Initially 1-7 u 5y 2-5u 5y 2-8u 5y
| 30 days 2-10 6 2-7 4 2-7 4
60 days 3-10 6 2-8 5 2-6 l

The results show that emulsion droplet size stays essentially
constant during long-term storage at 77°F. The emulsion near
the top may have undergone a slight amount of droplet coales-
cenge due to suspected evapcration and condensation of the
JP~-4,

The results also show that charge in droplet size 1s not the

reason for the yleld stress drop of the emulsion after prepa-
ration.

16, Emulsifier Migration

16.1 Radiotracer Technique

To study the migration of emulsifier in MEF-2 during centrifu-
gation, about 700 grams of emulsion was prepared contalning
C!*-labeled oleyl amine glycolate., To a mixture of 14.90 grams
water, 9.180 grams ethylene glycol, and 1.228 grams glycolic
acid (MCB, 64.4%) was added 0.1 mec (2.1 mg) of sodium glycolatc-
1-C'* (46.9 pc/mg). It was assumed that the following equilib-
rium was rapidly established:

sodium glycolate-1-C'* + glycolic acid # glycolic acid-1-C'*
2.1 mg 770 mg
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and that >>99% of thc acuivity wae oonverted to giyecolic acid-
1-C'*,  Finally, 2.722 grums o7 olcyl zmine was added and the
mixture was stirred. The ecemulsion was prepared from 902 ml of
JP-4 in a Hcbart mixer in fthe usuzl manner,

The initial actlvity of the emuision was mcasured. Three sam-
ples (v1.5 grams each) were welghe¢ intc polyethylene vials anu
were treated with 10.1 ml cf diovxane "cocktail". The samples
were counted in a Packard Model 30073 Tri-Carb Seintillation
Spectrometer. The average activity was 256,585 cpm/g.

16.2 Centrifugaticn

Duplicate 100-ml porticns of tne emulsion were centrifuged for
5 days at 500 g in an Internraticnal Centrifuge, Model V (auto-
transformer setting 18). At 24-nour intervals, the centrifu-
gatlon was interrupted and dupllcate 1.5-gram samples were
removed from each zentrifuge tuce at a depth 1 inch from the
top surface (Zone 2 of Figure 2,; the samples were counted as
described above. Results, presented in Table XXVIII and
Figure 3, provide a quantitative measurement of the migration
of the emulsifier as a function or time,

TABLE XXVIII. EMULSIFIER MIGRATION - 500 g's
Effect of Centrifugation on MEF-2
Average Activity Mean 4
Time (cpm/g) Activity of Initial
(Days) Sample I Sample 2 (cpm/g) Activity
0 256,585
1 254,039 255,217 25L4,626 99.2
2 246,921 252,362 249,642 97.3
3 238,163 2h1,42¢6 239,820 93.5
4 221,261 225,795 223,528 87.1
5 213,494 217,151 215,323 83.9

Less than 1% decrease in concentration or emulsifier was noted
after the first day. However, increiasing Losses were found
after the second, third, and vurth days. Finally, after the
fifth day, a total o® 10% of the emulsifier had migrated be-
yond a depth of 1 inch frcm the surface of the emulsion.

Figure 2 shows visual changes whicn oceurred after 5 days.
That Zone 1 is clear 1s explalned rty reductlon in external
phase and emulsifled air. wone 2 was the i-inch sampling
point. <Zone 3, though quite turb!d, was lower in emulsifier
than the zone immediately above. Zrne 4 was comprised of
ethylene glycol, water, and aocit 13% of the total initial
emulsifier.
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16.3 Emulsicn Appearance

After the first day, a transparent zone extending to a depth
approximately 1/2 inch from the top of the emulsio.. was ob-
served. This zone did not increase in length during the
remaining 4 days of the test.

Sampling of this zone after the fitth day ylelded activities
corresponding to 74.7% of the initial activity of the emulsion.
It is important to note that, with the exception of the small
amount of the external phase separation described below, the
emulsion did not break during the S-day test. There was no
evidence of free fuel even at the top surface of the emulsion,
where the emulsifier concentration had been reduced to 75% of
its initial 0.5% value.

Separation of a second, heavier phase, which increased in vol-
ume each day, was noted. After days 1 through 5, the volumes
were 0.05 ml1, 0.10 ml, 0.25 ml, 0.40 ml, and 0.50 ml, respec-
tively. After the fifth day, infrared spectrcphotometric
analysis indicated that the phase consisted of water and
ethylene glycol. A significant amount of emulfifler was also
resent, as indicated by activities of 5.2 x 10° and

.7 x 10* cpm/g. These levels of activity are equivalent to
~60 mg of emulsifier in the 0.5 gram cf water-glycol, or about
15% of the total initial activity.

In the emulsion zone immediately above the water-glycol phase,
increased turbidity was noted. This area was sampled after
the fifth day and ylelded values of 231,000 and 180,000 cpm/g
in samples 1 and 2, respectlively. Because of loss of activity
in the top zone of iLhe emulsion, and very high activity in the
external phase, this zcne might be expected to yleld activi-
ties corresponding to high concentrations of emulslfier. The
levels, however, correspond to an emulsifier concentration
significantly less than the initial activity. The observation
can perhaps be explained by increased tendency of the emulsi-
fier to partition into the free water-glycol phase 1in the
emulsion zone immediately adjacent to the water-glycol phase.

16.4 Emulsifier Migration at 140°F

An 8-ounce jar was three-fourt'.s filled with C'‘-labeled MEF-2
and stored 30 days at 140°F. OUne-gram samples were then re-
moved from the very top, middle, and bottom of the jar for
redioactivity measurement with the Tri-Carb ccintillation
Spectrometer.

The emulsion at the bottom and middle of the Jar had nearly
identical radiation levels, while that at the very top had a
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level only 933% as intense. These results shcw that there 1s
essentlally no emulsifler migraticn even at this tempera“ure,.

The top emulsion probably had less activity per gram because
of JP-4 dilution, resulting from evapcration and condensation.

17. Agitation After Aging

MEF-2 emulsion stored 90 days at 77°F (in a S5-gallon Jar) was
used fcr this experiment. The yleld stress was measured, and
then part of the emulsion was pumped either through a gear pump
or a centrifugal oump. The gear pump operated at 1800 rpm at
about 5 gpm, whi.e the centrifugal pump operated at 3500 rpm
and produced about 17 gpm. After a single pass through the
pumps, the yleld stress was agaln measured; the results are
shown 1in Table XxIX. The centrifugal pump had a much more vio-
lent action than the gear pump, as was shown by the larger 1in-
crease In vield stress,.

TAELE XXIX. AGITATION AFTER AGING

Emulsion After
Condition J0-day storage After gear pump ... yfruzal pump
Yield 2 ‘ 2 an L

Stress 630 dynes/cm 6€0 dynes/cm 720 dynes/cr

18. Thermal Conductivity

Thermal conductivity (the amount of hea*® passing in unit tire
through a unit volume of a substance when 1is opposite faces
differ by 1 degree) was determined 2t 237 ¢ 2°C for JP-4 and
l4-day-cld MEF-2 erulsion. The =eticd used was the hot wire
technique, whereby a tnin wire is nounted in the center of a
cylinder contelining the test £7uld and 1ts reslstance 1s nmea-
sured as a function of appllie. ciectric heating current The
resistance and termperature of tne heated wWire willi be inversely
proportional to the thermal conductlivitly of the surroundling

test fluid, according to the fcllowing relatlonship:
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where K = thermal conductivity, cai/sec cm °C
L = length of wire, cm
I = current passed through wire, amps
R = wire resistance, chm
T, = heated wire temperature, °C
To = bath temperature or initial wire temperature, °C
Ro = wire radius, cm
Ry, = liquid cylinder radius, cm

For our test apparatus, the equation reduces to

, _ AI*R
K = &7, (&)

where A 1s a proportionality constant. Since temperature
change 1s proportional to resistvance change,

Ty - Ty = AT = BAR (9)
2 2 ~T2

where A, B, and C are constants.

In order to determine the value ¢f C for our apparatus, a
reference llquid was tested for which the thermal conductivity
was already known: 1n this case, reagent grade toluene. J. K.
Horrocks and E. McLaughlin! reported the thermal conductivity
of toluene at 25°C to be 318 x 10~° cal/sec cm °C. Various
amounts of current were passed through the wire immersed in
toluene, and each time wire resistance was measured. The per-
centage change in resistance AR/R was plotted against I2, and
the best-fitting part of thilis curve was extrapolated to zero.
The inverse of the slope of the resulting line (Figure 4) was
then considered to be equal to the term I?/AR/R; therefore,

K -
I /T

Resistance changes from various applied currents were then
measured for JP-U4 and MEF-2, and the resulting curves are also
shown in Figure 4, Thermal conductivity was calculated from
the value of C and the slecpe of the lines as follows:

. 1 _ -5 =
hJP-H = C x EIBEE = 3“5 x-10 X_O.758 = (12)
262 x 107°% cal/sec cm °C

Kypp-p = 345 x 107° x 0.700 = 212 x 107° cal/sec cm °C (13)
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The accuracy »f these determinations i1s difficult to determine
because of the extreme variance of quoted K values and many
other problems assoclated with measurement of liguid thermal
conductivity. However, a rough estimate would place the figure
at 10%. 1In this case, it appears that there 1s no significant
difference between the thermal conductivities of JP-4 and
MEF-2.

A detalled description of the apparatus and procedure used is

listed in Appendix 1V of this report. Also shown 1s a table
of results, along with a photograph of the test equipment,

195, Heat Transfer Properties

In order to obtain some idea of the relatlve heat transfer
coefficients of JP-4 and MEF-2, apparatus was set up whereby
JP-4 and MEF-2 could be pumped at identical flow rates through
a tube cuntaining a controllable heat source. The prehecater
section of a standard CFR Fuel Ccker was used for this test.
It consists of two concentric steel tubes {(1/2 ii..ch and 9/16
inch in dlameter, respectively) and a cartridge-type heating
element which fits inside the inner tube. The length of the
heated sectlien 1s 12.5 inches. The fuel 13 pumped through the
annular space between the two tubes by a varlable-speed g2ar
pump. The heater input 1s monitored by a wattmeter, and two
in-stream mounted thermocouples measure the fuel temperature
at the tube inlet and outlet.

In an apparatuc as described above, the difference between the
fluid outlet and Inlet temperatures at iaentical neat input
conditions is a measure, albeit a crude one, of the oversll
heat transfer coefficient of the apparatus. The larger this
difference, the higher the mean value of the overall tempera-
ture difference between the heated surface and the bulk fluid;
consequently, the lower the overall heat transfer coefficient.
From

<« _9
U= rar (1)

where U = overall heat transfer coefficient
A = heat transfer surface area
Q heat transferred te the fluid
AT = mean value of the overall temperature
difference between the heated surface
and the bulk fluid

it 1s evident that indeed a larger AT results in a lower value
of the overall heat transfer coefficient U. As explained
above, this AT 1s not the difference between the fluild outlet




and inlet temper:ture, tut can be related to 1t if all the
descriptive parameters for the heat transfer process are known.
For example, to establlsh such a relationshlp for our apparatus
would necessitate data on the temperature distribution of the
heated surface in contact with the fluid.

19.1 Test Frocedure

It was observed initlally that the emulsion flowed at a rate
20% slower than the JP-4 at the same pump speed setting.
Therefore, higher speed settings for MEF-2 had to be experi-
mentally utilized in order to obtain the flow rates of JP-4.
JP-4 was first pumped through the annulus at pump speed set-
tings near the top, middle, and bottom of the avallable range.
Fiow rates at these settings were volumetrically measured, and
the density of JP-4 was determined so that the flow rates could
be expressed on a welght basls. The heater was then turned on
and a wattage setting was experimentally chosen whereby the
temperature of the JP-4 would rise to between 120°F and 140°F
at equilibrium flow conditions. Thls temperature range was
chosen because emulsion breakdown could cccur at hlgher tem-
peratures. The JP-4 was allowed to flow 10 minutes at the
heater wattage setting; after thls time, an equilibrium tem-
perature had been reached,

The MEF-2 (6 weeks o0ld) was then pumped at the same flow rates
and wattage settings, and 1ts density was also measured. After
10 minutes with the heater on, the equilibrium temperatures
were noted.

19.2 Test Data

Table XXX shows the data obtained 1n the abovz tests.

In evaluating these data, the accuracles of the following mea-
surements must be taken into account:

1, The flow rate: 0.1 ml/min. for JP-4, but it may
have been $0.5-0.8 ml/min. for MEF-2.

2., The temperatures: :0.5°F%* for the fluld inlet and
outlet temperatures.

*This does not take into account the radial temperature
gradient in the annulus, It 1s estimated that laminar flow
prevalled in all experiments; thus a radial temperature
gradient does exist,
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The orimary consequence of these errors 1s that at the lower
flow rates (52.6 and 89.3 ml/min.), no meaningful conclusion
can be drawn from the measured temperature differences for
JP~4 and MEF-2. On the basis of the experimental evidence,
the strongest statement that can be made 1s that the tempera-
ture differences observed for JP-4 and MEF-2 appear to be
comparable and that the heat transfer properties of the two
{lulds are thus comparable under the conditlions determined in
the equipment and at the flow rates and heater inputs stated.
The larger difference in AT between JP-4 and MEF-2 zt the
highest flow rate may bec an indication either that the two
fluids have different heat transfer properties or that the
JP-U data point 1s in error. For example, a good heat trans-
fer fluld such as water would show a AT of only 30°F under the
lowest flow rate condition in the table. This temperature dif-
ference was calculated using a formula described by Brown.?

19.3 Discussion of Results

The above results 4o not allow accurate conclusions to be drawn
with respect to differences in thermal behavior of JP-4 and
MEF~2, Based upon the two lowest [low rates, differences ap-
pear to be small and well within the errcr of measurement.
However, this tentative conclusion 1s valid only for conditions
prevailing in the test apparatus. An accurate evaluation of
the test results 1is not possible without a detailed knowledge
of the physical properties of the emulsion (such ac 1ts thermal
conductivity, specific heat, viscosity, and density) over an
appropriate range of temperature and flow ccnditions.

Heat transfer equipment utilizing MEF-2 cannot be designed
without formulae (correlations) which relate the heat transfer
coefficient to the thermophysical data, the flow conditions,
and the heat transfer confliguration. ¢n completion of a
thermophysical property measurement program, an experimental
program to determine these reliationships could begin,

20. Surface Free-Energy of Emulsion

The surface tension of MEF-2 emulsion was measured by the
wilheimy methed.’ This method involves measuring directly
the pull of the surface of a liquid on the perimeter of a
partially immersed body, such as a vertically hung platinum
slide.

In practice, the slide is suspended from the left arm of a
double pan Chalnomatic balance and weighed. The position of
the bottom edge of the slide 1s noted with a Cathetomet~r, and
the slide 1s moved higher by the addition of meore welght. A
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petrl dish contalning the test fluld or emulsion 1s then raised
by a lab Jack so that the bottom meniscus of the liquid (or
emulsion surface) is in the same plane as was the slide bottom
when weighed. By removing welght, the slide 1s immersed in

the liquid or emulsion; then welght is added to bring the slide
back to its "weighed" positiocn (via Cathetometer). The total
welght required to do this 1is recorded as (G) in the following
formula for surface tension:

Yy = - (li&)

980.7 cm/sec?
dry slide welight
slide thickness
slide width

£ ot =R
H NN

Equilibrium 1s rapldly reached with liquids., With the emul-
sions, however, 1t was necessary to find that welght whereby
the slide would quickly break through the surface, and then
continually repeat the experiment with lesser weights (0.001-g
increments) until a point was reached where the emulsion
"held"” the plate for at least 20 seconds.

The yleld stress was measured on freshly prepared MEF-2 emul-
sion, and the surface tension was measured. The emulsion was
then placed in two l-gallon Jars, which were then stored at
T7°F for either 30- or 60-day perlods. The yleld stress and
surface tenslon were again determined on the emulsion which
had been stored for 30 days. The jar of emulsion was then
shaken vigorously for two 5-minute intervals, and the yleld
stress and surface tension we»e determined after each interval.
The results are shown in Table Y¥XI, along with experimental
and "literature" values for several control fluilds.

The differences in surface tension values for the emulsions
are not considered to be experimentally significant. t thus
appears that there 1s no slgnificant correlation between yleld
stress and surface tension.

2l. MEr-2 Metal Corrosior

Metal strips, 1 x 3 inches, were scrubbed in aqueous detergent
Jolution with a nylon surgical brush and then rinsed succes-
sively in water, petroleum ether, and acetone  The welghed
strips were then either half-immersed in a test fluid or tied
together with another metal and completely immersed.

62




*SS39J3S PISTA UT 9SBaJO3p JO 9SBIJIOUT U AQ pajoajje 30u ST pue Joll e aBuvao3s
Butanp jue3SUO0D ATTBTIUISSS SUTBWSJI UOTSUI] IdeJans ayjz ‘agoJaday] - ued3JjiuBis
A1Tejusutaadxs aq 09 PAJIIPTSUOD 30U SJB SONTBA UOTSUI] 30BJINS 3Y3j UT $20U3I3JJITA

g9°¢te 08l ‘uTWw G J3Yjzoue JOJ UINBYS "
8" e oyl ‘utw G us)yBUS Js8UTEBIUOD u
9°¢e 099 doll ‘or1dwes qusaaajyid shep 09
9°¢e 0Ll ‘*uTWw ¢ J3Y3aoUBR JOJ UINBYS "
L'we 0€.L ‘UTW G U3XBYS JIUTEBJUO) “
L nz 089 a3vaols d,i.  sAep of
9°¢e 002t paaedaad Arysaad aney 1 uorsTNWI
0°ge 2'ie - " m *T12D
6° 8¢c c 62 = " m auazuag
9°cl £-ecl - 8PTIS wnuiierd J97eM
(wd/saulAp) (wd/sauAp) (,wd/saudp) uot3Tpuo) ady PINTA
anTeA uoTsua], S8941438 uorsThug
3JN3BIBITT aorJang PI®TX
(PoU3aN 93eTd AWTSUTIM)
NOISTAWE c—ddKW 40 ADHANA-ITHA HIVAHNS *IXXX 9149Vl

63




Separate tests were run for both the MEF-2 emulsion (1% excess
acid and 1 month o0ld) and the JP-4 control for both single
panels and couples. Tests were run at both 77°F and 140°F.

The test jars were stored 1 week at the above temperatures,
and the metal strips were then cleaned and rewelghed. The
only variance from the initial cleanling procedure was that
this time the coupons were brushed in water only.

The weight losses of all the metals in JP-4 were very small,
and they were subtracted from the corresponding weight loss
in MEF~2 to give a net loss due strilctly to the emulsion.
Inches per year corrosion penetration was then calculated
from the equation

c = 227 (15)
where C = inches/year
W = weight loss (grams)
A = exposed surface area (square inches)
T = time of exposure (hours)
S = density (grams/cc)
The results are shown in Table XXXII.

Most of the corrosion on single panels at both temperatures
occurred below the surface of the emulsion. The metals gener-
ally corroded more when in the couples, although none of the
corrosion was severe. The corrosion caused by MEF-2 was much
less than that caused by MEF-l.

The metals that corroded most noticeably were magnesium, brass,
and 4340 steel (transverse cut and heat treated to 280 ksi).
The corrosion that occurred in the 7075 and 2024 aluminum
alloys 1is no doubt due to the alloyed magnesium and copper.

No corrosion was observed on either the cold-rolled mild steel
or the 304 stainless steel.

The corrosion figures for MEF-2 are in general markedly lower
than those for MEF; of particular note 1s the absence of cor-
rosion to mild or stainless steel. Corrosion of cuprous alloys
was also at a much lcwer level that that for MEF, A light,
white, powdery coating occurred with aluminum alloys, but
weight gains or losses were negligible. It is apparent from
these uata that the MEF-2 formulation produces little corrosion
either as single metal or as metal couples,
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22, Compatibllity With Elastomers

The O-ringe were the following:

MIL-P-5315 - Buna N
MIL-R-25897 - Viton Class I
MIL-R-25988 - Fluorosilicone

Volume change was determined in accordance with ASTM D 472-63T
on triplicate O-rings immersed in JP-4 and MEF-2. Hardness
change is the difference in hardness readings (Shore A, taken
in accordance with ASTM D 676-59T) before and after immersion.

Tensile strength and ultimate elongation were determined in
accordance with ASTM D 1414-56T on unexposed and immersed
O-rings. The ilmmersed rings wer: tested after evaporation of
the test liquid.

The elastomer O-rings were exposed to JP-4 and MEF-2 for 70
hours at 77°F, with the results shown in Table XXXIII. Buna N
was agaln most affected by the emulsion, as it was by the MEF
emulslion. It was noticed that the MEF-2 emulslion surrounding
the submerged Buna N O-rings began breaking down within several
hours. Little or no emulsion breakdown occurred with the other
elastomers, and their test values approximated those in JP-U.

2). Vapor Loss

Vapor loss as a function of time was determined for the MEF-1
and MEP-2 emulsions at 77°F and 140°F. A petri dish 3-13/16
inches in diameter and 1/¢ inch deep was filled with emuision
and leveled with 2 straightedge. The dish was weighed empty,
full, and again every hour as it sa® either in ambient air or
on a hotplate. The same petri dish was used for all er...ions
at the particular temperature.

The emulsions at 77°F were set on a marked spct in a vented
hood, while the emulsions at l40°F were set on a marked spot
of a hotplate in the same hood. The hotplate temperature was
controlled with a Variac. The voltage setting was predeter-
mined by adjusting until emulsion in the petri dish reached
and maintained 140°F. Each emulsion or fuel was run at this
setting while a smalier dish of emulsion containing a ther-
aometer continually monitored the temperature consistency at
the edge of the notplate. The results at 77°F are shown in
FPigure S, while thcse at 140°F are shown in Figure 6.

After 1 hour at 77°F, the MEF-1 emuision lost only one-eighth

as much weight as JP-4; the MEF-2 emulsion iost only one-
seventh as much »:ight as JP-U., After 1 hour at ilZ“F, the
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Figure 5. 77°F Evaporation Raie of MEF-1 and MEF-2
JP-4 Fuel Emulsions.
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Figure 6. 1U40°F Evaporation Rate of MEF-1 and
MEF-2 JP-4 Fuel Emulsions.

MEF-1 emulsion had lost about one-sixth the weight that JP-4
lost, while the MEr-2 emulsion had lost about one-fourth the
weight. The MEF-2 emulsion had completely broken after 3 hours
at 140°F, while the MEF-1l emulsion required 4 hours for com-
plete breakdown.

24, Microblal Resistance

The susceptibllity of emulsified fuel to microbial growth was
determined during the previous contract, using the following
predominantly fuel-utilizing organisms: bacteria in the genus
Pseudomonas and fungi in the genus Hormodendrum (Cladoeporium).
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The two emulsions tested were based upon the tallow amine
acetate MEF formulation, one sample containing a blocide and
the other not. No difference between the two formulations
wa8 apparent, nor did they differ from the free JP-4 in sup-
port of bacterial growth. Under some conditions, growth of
a Hormodendrum ep. was decreased when emulsified fuel served
as the carbon growth source.

Using the same conditions and organisms, MEF-2 provided essen-
tially the identical results obtained with MEF emulsions. As
in the first study, no difference from JP-4 was found in the
bacterial cultures.

The detalls of this test program, carried out under subcontract

by the Department of Bilology of the University of Dayton, are
given in Appendix V.

25. Emulsion Preparation

The emulsion can be made in two ways: (1) by direct formula-
tion, reacting the acid and amine in the required amount of
ethylene glycol and adding water, followed by emulsification

of the fuel; or (2) by preparation of an external phase concen-
trate of emulsifier in the glycol, transferring this in the
required amount to the mixer, adding water, then emulsifying
the fuel.

Quality conformance tests must be made on both the glycollc
acld and the amine using the methods cited in Section 9. Since
the emulsifier 1s based on a given quantity of the amine and
stolchliometric quantity plus 1% for the glycolic acld, calcu-
lations for each must be made, and a further correction for
deviation of the acld content from the "apparent" commercial
70% is riecessary. The following steps are taken:

A - Determine concentration of commercial glycolic
acid, e.g., 70%.

B - Glycolic acld used in emulsifier for stoichi-
ometry, e.g., 22.08% based on Foremost amine,

C - Glycolic acid used in B + 1% excess, e.g.,
B + 0.01B, 22.30%.
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25.1 Direct Emulsion Formulation

Acld Used
100% (&) 70%
Basis Commercial Commercial
Wt % EG 1.310 1.310 1.310
Wt % Acid 0.111 0.111/A 0.159
Wt % Oleyl Amine 0.389 0.389 0.389
Wt % Water 2.190 2.19 - (O'kll - 0.111) 2,142
Wt % Jp-4 96.00 96.00 96.00
25.2 Emulsion Formulation From XPC
100% Acid Used
Basis (A) Commercial 70% Commercial
Parts EG 72.38 72.38 72.38
Parts Acid 6.13 6.13/A B.67
Parts Oleyl Amine 21.49 21.49 21.49

25.3 Emulsion

100% Acld Used

Basis (A) Commerclal 70% Commercial
Wt % XPC 1.81 1.699 + O'kll 1.858
Wt % Water 2.19  2.19 - (9¢%ll - 0.111) 2,142
Wt % JP-4 96.00 96.00 96.00
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PHASE II. DEMULSIFICATION

l. General

The contract called for a continuous process for emulsion
breakdown and JP-4 separation. This process was to be demon-
strated on a small-scale basis (2-3 gallons per minute) and be
sapable of being scaled to 500 gpm. Both shear and chemical
means cf demulsification were to be investigated.

Shear recovery is desirable for its potential simplicity and
because no purification of the recovered fuel may be necessary
(see the discussion on JP-4 quality). In its simplest form,

a shear recovery system might comprise two items: the shear
device and elther a liquid cyclone or a centrifuge.

Rather than attempt to develop a new shear device, it was de-
cided to look for a commercially available piece of equipment
that would be applicable to this problem. Therefore, repre-
sentatives were interviewed from various companies selling
pumps, mixers, blenders, colloid mills, and homogenizers and
exhibiting at the Exposition of Chemical Industries. Some of
the possibilitles and conclusions resulting from these discus-
sions were as follows:

oCentrifugal pumps will neither handle the emulsion
completely successfully nor provide enough shear to
completely break 1it.

®A shear pump 1s available which 1s a combination pump
and shear device. However, its limiting factor 1is a
maximum through-put of 30 gpm.

eCertain rotary pumps impart more shear than centrifugal
pumps, and these were to be investigated. They also
have the advantage of being positive displacement pumps
and should transfer the emulsion without difficulty.

A drawback tc any pump in breaking emulsion is the short
"dwell time" of the emulsion in the pump.

*If longer dwell times are required, a pump in series
with a high-speed mixer or blender should produce
satisfactory shear and fluid transfer.

*Homogenizers and some colloid mills impart more shear than
a blade blender, but they are bulky pleces of equipment,
overengineered for our purpose. These also have a top
operating capacity of only 200 gpm.
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eThe sonic device 1s said to bLe one of the highest-
intensity mixing devices avallable. A flat, high-
pressure jet stream of fluid impinges on the edge of ‘
a flat blade and causes intense ultrasonic vibration *
within the liquid itself. The resulting cavitition

causes violent local pressure changes which are con-

verted to high-intensity mixing energy. Theae mcdels

can be scaled to handle 500 gpm.

These preliminary discussions with the manufacturers were used
to provide background and to determine whether the equipment
people would perform preliminary trials with thelr equipment
to minimize cur total effort.

The principlies of operation of the various types of equipment
discussed and evaluated were:

elounterrotating discs with dispersion bars

¢In-line turbine

°In-line turbine and stator

®Rotor/stator combination

®Rotor/stator, 3 sets of mating surfaces
*High~velccity stream through restricted orifices
sMem.rane fllters and coalescer

sHigh-pressure jet stream impinging on vibrating head

2. Preliminary Laboratory Experiments With Shear Equipment

Experimerts were made with avallable laboratory equipment to
attempt to estimate the magnitude of shear required to break
the emulsion.

2.1 Blade Blender

The blade hlender 1is widely used 1n laboratory work because
of the shear attained by the high-speed (16,000 rpm), four-
bladed rotor. Depolymerization of ordinarily stable polymers
can be attained with this equipment.

A 19,000~-rpm blender bSroke only about half of 1C0 ml of MEPF-2
after 5 minutes. ' st of the emulsion that broke did so dur-
ing the first sevi.ral seconds. Apparently the rest of the
emulsion, being denser than JP-U4, was flung away from the
rotating blades against the contalner walls.

2.2 Centrifugal Pump

A 3400-rpm centrirugal pump br.. 2 part of the emulsion after
multipasses, but it bdbro¥e rnone auring a single pass. The




resulting JP-4 after shear breakdown was cloudy and had to be
centrifuged. However, the freed emulsifier remained in the
amine acetate form, and moet of it dissolved in the water phase
rather than the JP-4, This was also the case with the MEF-2
emulsion.

2.3 Internal Rotary Gear Pump

A small (3 gpm) rotary gear pump mounted directly to a 1/4-
horsepower motor was rented from a local distributor. It is

a positive-displacement pump which imparts more shear than a
standard external gear pump. For the first run, a piece of
1/2<inch copper tubing was bent into a "U" shape, and one end
was fastened to the pump inlet. The other end was submerged

in a contalner of emulsion mounted above the pump. When the
pump was started, a flow of only about 0.5 gpm was obtained.
When the copper tube U-bend was eliminated and a container was
mounted directly above the pump inlet, so that emulsion could
flow out the bottom through a short piece of tubing, the flow
rate increased to about 2.5 gpm. Thus, the bends in the copper
tubing must have acted as restrictions in the first trial.

With 1 inch or longer tubing, the bends probably would not have
been significant. The need for pump priming is significant.

The MEP-2 emulsion was passed through this pump with the hope
that the emulsion would break. However, no breakdown was
detected.

2.4 High Shear Mixer - Open System

This mixer incorporates a rapidly spinning toothed disc at the
end of a shaft. The teeth are perpendicular to the disc, above
and below, and are designed to generate high shear as well as
rapid circulation in viscous fluids.

It was found that this mixer with a 3-1/2-inch-diameter disc
would break about 50% of the MEFP-2 emulsion in a container
4-1/2 inches in diameter after only several seconds of agi-
tation. As soon as the emulsion began to break, the liquid
JP-4 was thrown out of the container and the mixer had to be
shut down.

A closed system was built out of pipe to fit around the mixer
blade so that this mixer could be evaluated better. The emul-
sion was pumped into the bottcm of the tube assembly, past the
perpendicularly rotating dis:, sheared against baffles, and
ejected from an overflow pipe for evaluation.
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2.5 High Shear Mixer - Closed System

A closed system made of 2-1/2-inch pipe connections was built
around the 1-3/4-inch blade of the mixer (12,000 rpm). The
pipe was mounted vertically and the mixing blade rotated in
a horizontal plane. Two 1-5/8-inch x 2-3/8-inch washers were
welded inside the pipe an inch above and below the blade to
act as baffles and to direct the emulsion flow toward the
blade.

The emulsion was pumped into the bottom of the assembly by a
3-gpm gear pump, gravity fed through a mounted funnel. The
pump and mixer w:re turned on simultaneously, and a container
was placed at the outlet. Unexpectedly, the emulsion emerged
completely unbroken., Apparently, the emulsion was compressible
enough to flow around the blade without being highly sheared.
Even when the purp was stopped, the residual emulsion in the
tube remained uncroken by the action of the mixer.

These resulcs combined with those of the tlender test indicated
little hope for breaking the enulsion with an in-line mixer.

3. Investigations by Equipment Manufacturers

The principles of operation of the several types of equipment
potentially applicable to mechanical demulsification have been
previcusly explained. The obJective cf these tests was to have
the manufacturer examine the emulsion in his equipment under
his best conditions of operation to determine potentiality.

Any process that was 50f or more effective then became a candi-
date for further evaluation under Monsanto Research Corporation
supervision.

The counterrotating disc with dispersion bars successfully
broke the MEF-2 emulsion, with atout 30% breakdown at 1000 rpm
and about 97% btreakdown at 1530 rpm. However, this mixer has
a top capacity of only 110 gpm.

The in-line turbdine with stator falled to break the emulsion.

Rotor/stator colloid mills tested for demulsification using
several different pleces of equipment were unsucceseful in
breaking the MEF-2 product. The rotor/stator mill with three
sets of mating surfaces also failed to break the enuision.

One principle which appeared to yleld greates: demulsification
was tnat operating in effect as a spray device. The emulsion
under high rressure was elected through small apertures, the
pressure Jdrop and shear at the orifices resulting in 90-95%
MEF-Z demulsificatlion.




4, Laboratory Investigations of Potentially Useful Equipment

This section describes the testing of three of the potentially
more effective and applicable systems for demulsification.

4.1 Rotor/Stator Colloid Mill

A rotor/stator colloid mill and a variable-speed pump were
loaned for MEP-2 breakdown trials. However, 10% breakdown
was the maximum that could be obtained with the equipment.

The variable-speed gear pump had a8 maximum capacity of 3.5 gpm,
while the colloid mill -ould produce 1.6 gpm. In the trials,
the gear pump was varied (rom one-third to full speed, while
the rotor-stator gap was varied from 0.002 to 0.026 inch.

Both the rotor and stator were grooved for maximum shear.

When the partially broker. emulsion was recycled through the
colloid mill, no additional emulsion was broken. In fact, the
unbroken part of the emulsion was observed to be thicker after
the process.

4.2 Membrane Pilter and Coalescer

The liquid separator is a combination of a ccalescer cell and
two preferentially conditioned tubular membranes. It is used
mainly in the process industries tc¢ separate stubborn, un-
stable emulsions. For cur problem, 1t was hoped that puaping
the emulsion through the coalescer cell would cause breakdown;
then the two phases cculd be separated by the tubular memu.,anes.

The membrane filters are uniform, porous, metal structures
available in porcsity grades ranging from a S-micron diameter
down to a 0.2-micron diameter.

The tiquid shearing operation was accomplished by passing the
emulslon vis vacuum through 5-micron and 0.8-micron metal mem-
branss in serles. The S-micron memdbrane prepared the emulsion
for passage through the 0.8-micron membrane, and the C.8-micron
menbrane was necessary for marimum effective separation. Mem-
branes finer than 0.8 micron cculd be uti.ized, Lut premature
plugging occurred. The reason was rot apparent, but it was
suspected that small rust pariicles contained in the JP-4 used
to make the emulsion might have teen responsible for the plug-

ging.

The proposed system consists basically of liquid shearing
through the two metal membranes mentioned adcve, a holding
<ank where most of the fuel floc wculd scttle and te drawn




off, followed by a coalescer where the JP-4 would be completely
clarified. Presumably, pressure pumps operating 2t as low as
15 psi can accomplish the job. This system is said to be capa-~
ble of being scaled to 500 gpm.

All the evaluation was done by the equipment manufacturer, and
actual trial under Monsanto Recearch Corporation dircction was
not accomplished,

4.3 High-Pressure Jet Stream and Vibrating Reed

Prelimirary tests by the company manufacturing this equipment
indicated that it broke about 85% of the MEF-2 emulsion usirng
a high-pressure jet stream equipped with a 0.042-inch orif.-=,
The instrument operated at 8 gpm and 509 psi.

The broken emulsion separated immediately (several seconds)
into 50% clear JP-4 and 50% loose gelled floc. The loose floc
passed readily through a ccarse f{ilter to obtain a total of
80% clear fuel.

An analysis of the recovered JP-4 showed only 1.5% of the oleyl
amine present, amounting to a total cocncentration cf 0.006%.

It appeared that very little centrifugal force wculd be
necessary tc remove the 'gel floc and that a liquid cyclone
(centrifuge operated by pressure) should be sufficient to
accomplish the tasw.

Two versions of Thls device were tested at Monsanto Research
Corporation: one a low-pressure device, and the second for
high-pressure usage.

The low-pressure unit consisted of a l{-horsepower motor, a
10-gpm gear pump, and the high-pressure jet stream, in serles.
The emulsion was pumped through a smai. orifice and then
across & vibrating blade. The gressure drop and vidbrational
energy then comblirned to break the emuisicn.

The machire ranufacturer had teen able to treak 80% of the
emulsicn at S027 ps! produced by a continuous-cavity pump. It
was hoped that higher prcssures {perhaps 1030 psi) ottained
with a gear pump wculd produce 1 zreister degree ¢f emuision
breakdown. lowever, initial runs with supplied orilices pro-
duced only 402 ps!i ant ataut 801 breakdown.

Orifizes withr 311t widihs of 7.042, 0,03&, C.025, and 0.017
inch were tried. The upstrean pressures obdtained with these
orifices were 3£, &a2, S¢Y, and £€0 psl, respectively. Littile
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or no cavitational energy was obtalned with any of the ori-
fices, and the amount of MEF-2 breakdown varied from 60-80%

by volume, with the greater breakd~wn occurring at the highest
pressur._.

When the vidbrating reed was adjusted to the position closest

to the orifice, the onerating pressure increased from 600 psi
to about 13G0 pss with the 0,017-inch orifice. No cavitational
energy was registered; however, the amount of emulsion break-
down increased to nearly 90% at this pressure.

Because the 1000-psi pressure was obtained under unnatural
conditions and because of the unexplained "ack of cavitational
energy, the device was returned to the company. In its place,
Monocanto Research Corporation received a high-pressure device
identical except for a gear pump of variable speed. Whereas
the pump on the previous machine was operated at 520 rpm, the
new pump had an operating range of 300-950 rpm. It was felt
that this would be more than enough to cbtain 1000-psi readings.

Very strong energy signals were obtained with all orifices:

however, a maximum operating pressure of only 450 psi was ob-

tained with the G.Cl7-inch orifice. iloving the vibrating reed

nearest the orifice increased the operating pressure to only
600 psi and lowered the cavitational energy to almost zero.

gn both cases the amount of emulsion breakdown was less than
0%.

The variation in results obtained with the twc devices showed
the importance of high-pressure drop for optimum emulsicn
breakdown. Apparently, nearly 1000 psi 1s needed for satis-
factory results. Also of interest 1s the fact that the emul-
sion pumps at a lower pressure than JP-4 at !dentical pump rpm.

Because of the time required to ship and install another ver-
sion of the machine, cther trlals were run at the device mar
facturer's laboratory. Fifteen gallons of emulsion was sent
for trial in the high-pressure device cperated by a variable-
speed, six-stage continuous-cavity pump. This pump 1s known
tc operate at 1000 psi with water, and hopefully this pressure
could be obtalned with emulsion. Again, the reccvery was not
greater than 90%.

The device manufacturers believe that a high-speed centrifugal

pump would work very well with this machine at flow rates near

5C0 gpm. These pumps are much smaller and mcre eccrnomicel than
ccmparable gz2ar and continuous-cavity pumps. ’
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5. Summary of Shear Tests

This investigation demonstrated that shear devices most effec-
tively break the emulsio: and operate on the principle either
of pressure drogr through a small orifice or of press